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Background: Grass pollen allergens are the most important and widespread
elicitors of pollen allergy. One of the major plant allergens which millions of
people worldwide are sensitized to is Phl p 2, a small protein from timothy grass
pollen. Phl p 2 is representative of the large family of cross-reacting plant
allergens classified as group 2/3. Recombinant Phl p 2 has been demonstrated
by immunological cross-reactivity studies to be immunologically equivalent to
the natural protein. 
Results: We have solved the solution structure of recombinant Phl p 2 by
means of nuclear magnetic resonance techniques. The three-dimensional
structure of Phl p 2 consists of an all-β fold with nine antiparallel β strands that
form a β sandwich. The topology is that of an immunoglobulin-like fold with the
addition of a C-terminal strand, as found in the C2 domain superfamily. Lack of
functional and sequence similarity with these two families, however, suggests
an independent evolution of Phl p 2 and other homologous plant allergens. 
Conclusions: Because of the high homology with other plant allergens of
groups 1 and 2/3, the structure of Phl p 2 can be used to rationalize some of
the immunological properties of the whole family. On the basis of the structure,
we suggest possible sites of interaction with IgE antibodies. Knowledge of the
Phl p 2 structure may assist the rational structure-based design of synthetic
vaccines against grass pollen allergy. 
Introduction 
The formation of IgE antibodies against otherwise innocu-
ous antigens (allergens) from plants, insects, animals and
moulds is the hallmark of type I allergy, probably the most
common alteration of the immune system. Cross-linking of
effector cell-bound IgE antibodies by allergens leads to
the release of biological mediators (e.g. histamines) and
thus to the immediate symptoms of type I allergy [1]. The
resulting allergic reactions and clinical symptoms range in
severity from allergic rhinitis, conjunctivitis, and allergic
asthma to, in the most extreme cases, anaphylactic shock.
The incidence of type I allergies is particularly severe in
industrialized countries where millions of people are
affected (about 20% of the population) [2]. The most pow-
erful and frequent airborne allergens are from plant
pollens and, among these, grass elicits one of the most
widely spread forms of plant allergy because it is a domi-
nant species and has an abundant production of pollen. 
Plant pollen allergens are usually small or medium-size pro-
teins, some of which have been recently characterized by
immunological and biochemical techniques. These studies
have indicated sequence and immunological similarities
among pollen allergens from different species. On the basis
of their immune response, it has been possible to classify
major allergens that occur in most grass species into differ-
ent cross-reacting groups (groups 1, 2/3, 5, etc.) [3–11]. This
finding has suggested that characterization of only a limited
number of proteins that contain most of the relevant cross-
reacting IgE epitopes may be sufficient for the diagnosis
and therapy of grass pollen allergies [12]. Within these
studies, new avenues to allergy treatment have been
opened by the possibility of producing recombinant aller-
gens that may be used as a versatile tool for designing suit-
able vaccines [13–15]: whereas recombinant allergens with
high IgE-binding capacity are required for diagnostic pur-
poses, hypoallergenic versions obtained by site-directed
mutagenesis or by allergen fragmentation can be engi-
neered for allergen-specific immunotherapy. Several
recombinant allergens have now been shown to be
immunologically equivalent to the natural proteins. For a
thorough understanding of the immunological properties of
the allergens and the rational design of vaccines, however,
knowledge of the tertiary structure of the proteins involved
is essential. The structures of only a few plant allergens
(Bet v 1, profilin, Bos d 2 and Amb t 5) have been reported
so far [16–19] (GL Warren et al., unpublished data). 
In the present work, we describe the determination by
nuclear magnetic resonance (NMR) techniques of the
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solution structure of the recombinant form of Phl p 2, one
of the most relevant grass pollen allergens. Phl p 2 is a
small protein of 10.7 kDa that belongs to group 2/3 aller-
gens [6]. It has also been observed that allergens from
group 2/3 have high sequence homology (∼ 40%) with the
C terminus of proteins belonging to group 1, although the
two groups seem to possess different IgE-binding proper-
ties [6,20,21]. Characterization of the recombinant form of
Phl p2 has been previously published, proving that this
allergen competes with the natural protein for binding to
specific IgEs and that is it immunologically equivalent to
the natural allergen [6]: recombinant Phl p 2 reacts with
serum IgE from up to 70% of grass pollen allergic individ-
uals and elicits histamine release from basophils of sensi-
tized patients. The information gained from the Phl p 2
structure provides a starting point for elucidating a possi-
ble surface of interaction of group 2/3 allergens with IgE
antibodies. This should represent a prerequisite for the
rational design of synthetic hypoallergenic vaccines
against grass pollen allergy. 
Results and discussion
Stability of the Phl p 2 recombinant protein 
The recombinant protein was obtained by expression in
Escherichia coli and purified according to the protocol
already described [22]. Preliminary screening of the
behaviour and stability of the protein was performed by
circular dichroism (CD). This approach offers the advan-
tage that, being more sensitive than NMR, it allows effi-
cient screening of the experimental conditions without
consuming prohibitive amounts of material. Figure 1
shows the Far-UV CD spectra of Phl p 2. The positive
band at 195 nm and the negative one at 208 nm are charac-
teristic of a predominant content of β-sheet secondary
structure. The positive band around 230 nm is typical of
tyrosine and tryptophan residues involved in tertiary inter-
actions. CD spectra recorded in the range pH 3.5 to
pH 7.0 show essentially no variations of the spectra indi-
cating that there is no pH-dependent conformational
change of the secondary structure within this interval. 
Thermal denaturation curves were obtained following the
change of the far-UV CD spectrum as a function of tem-
perature. As the maximal variation in ellipticity between
the folded and unfolded conformation was observed at
208 nm, this wavelength was selected to monitor the
thermal denaturation of the protein (in the range from
20°C to 90°C; data not shown). The unfolding transition is
single-step and highly cooperative with a melting point of
60°C. Under the experimental conditions used, the transi-
tion was not reversible upon lowering the temperature
back to the initial value. 
From these preliminary CD experiments we can conclude
that the recombinant Phl p 2 is stably folded with a preva-
lence of β-sheet elements in the secondary structure. 
Secondary structure determination 
The one-dimensional (1D) NMR spectrum of Phl p 2
shows very sharp and well-resolved resonances, as
expected for a monomeric protein of this size. Accordingly,
944 Structure 1999, Vol 7 No 8
Figure 1
Far-UV CD spectra of the Phl p 2 recombinant protein. The spectra
was recorded on a 16 µM sample at pH 7 (50 mM phosphate buffer)
and 20°C. 
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Figure 2
NOESY spectrum of Phl p 2 recorded at 27°C and 600 MHz. The
amide–amide region is shown. The numbers indicated, above the
peaks in the left portion of the spectrum and below the peaks in the
right part of the spectrum, correspond to long-range HN–HN
connectivities in the β sheets. 
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the two-dimensional (2D) spectra are of very high quality
(Figure 2) with an excellent intrinsic dispersion. Assign-
ment of the proton spectrum with standard techniques
[23] proved to be straightforward for ∼90% of the
sequence. Entrance points for the assignment were the
two tryptophans (Trp41 and Trp52) and the well-dis-
persed resonances arising from the sequential Hα–HN
connectivities downfield to the water signal. Only a few
residues, all in loop regions (Leu60–Pro64), could not be
identified unambiguously as they do not form (if at all)
unambiguous contacts with the rest of the chain. For these
residues only a tentative assignment was given. In addi-
tion, Thr5, unambiguously assigned through connectivi-
ties with the preceding and following amino acids, shows
an anomalous spin system: only the HN–Hα connectivity
was observable both in total correlation spectroscopy
(TOCSY) and nuclear Overhauser effect spectroscopy
(NOESY) experiments. It is possible that, at neutral pH,
this residue has exchange properties with the solvent dif-
ferent from those of other residues. 
The secondary structure of Phl p 2 was determined by
analysis of chemical shift as well as short-range and long-
range NOESY effects (Figure 3). A number of long-range
Hα–Hα as well as HN–HN, HN–Hα and HN–Hβ connec-
tivities are all consistent with the presence of nine β strands,
assembled into two β sheets. The overall topology of the
strands classifies the protein as belonging to the
immunoglobulin-like fold with an additional C-terminal
strand. The nomenclature to identify the strands was there-
fore chosen accordingly. All adjacent strands are antiparallel
with the exception of the C′D pair formed by two sequen-
tial short strands: strand C′ consists only of residues 42–44
and continues into strand D (residues 45–47) that belongs to
the other sheet. These two strands connect the two
β sheets, as deduced by analysis of NOESY spectra: in the
spectra strong NOEs between the HN–HN of residues
45/53 and 33/42 are present, implying correlations between
the strand pairs DE and CC′. Strands E and D, C and C′
and A and B are pairwise connected by type II β turns. A
type I β turn and a distorted type I β turn connect strands F
and G and G and H, respectively. Longer and less well-
defined loops connect the strand pairs BC and EF. In par-
ticular, the loop between strands B and C forms a type II
β turn that spans from residues 23 to 26. The loop between
strands E and F is a distorted β turn, probably caused by the
presence of Pro63. 
Tertiary structure 
Structure calculations were performed using the program
ARIA [24] interfaced with the X-PLOR3851 package
[25]. ARIA consists of assembled routines that perform
partial assignment, calibration, violation analysis and
merging of assigned data from different sources. The
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Figure 3
Schematic representation of the secondary
structure of Phl p 2. The arrows indicate
interstrand NOEs observed at 80 ms mixing
time. The dashed lines indicate NOE effects
that could not be observed because of
spectral overlap. 
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method automatically assigns and incorporates distance
restraints from one or more chemical shift and NOESY
peak lists. The calculations were performed starting from
a set of randomly generated structures. The experimental
restraints were separated into two lists: the first contained
the NOE-derived distances that are the result of manual
assignment; the second contained a peak list automati-
cally generated from the raw NOE spectra using a stan-
dard peak-picking algorithm. This list was reconsidered
and reassigned at each iteration on the basis of the previ-
ous results. Details of the protocol used are given in the
Materials and methods section. Superposition of the best
38 final structures in terms of energy and restraint viola-
tions are shown in Figure 4a. The nine-stranded antipar-
allel β-sheet regions are very well defined with root mean
square deviations (rmsds) below 0.40 Å. The loop regions,
and especially the EF loop spanning from Leu60 to
Pro63, are more dispersed. Loops and β turns are notice-
ably less ordered: residues 10–15, 22–28, 36–41, 48–50,
56–64 and 71–74 show the highest dispersion. Only the
β turn between residues 83–89 is relatively well defined.
The N terminus is highly disordered up to Val4, where
the first strand of the first β sheet begins. The C terminus
is well ordered up to residue 93, but the last two residues
are hardly visible in the spectra. The quality of the final
structures was checked by a number of standard quality
controls and was found to be very good (Table 1). 
The structure shows an all-β fold with nine β strands
packed into a sandwich of two antiparallel β sheets
(Figure 4b). The first sheet contains strands H, A, B, E
and D. The presence of the additional strand H, not
present in the immunoglobulin-like fold, allows the N and
C termini to be arranged close in space. The second sheet
contains strands C′, C, F and G. Strands C′ and D are
obtained by breaking a long strand that spans from Val41
to Gly47 into two smaller ones, each belonging to a differ-
ent sheet. The contribution of these strands to both
β sheets is made possible by a twist around Thr45. 
The hydrophobic core and exposed surface 
The hydrophobic core of Phl p 2 is dominated by an aro-
matic cluster formed by the sidechains of Phe6, Phe66,
Phe68 and Phe78 and Trp52 (Figure 5a). Phe66 occupies
the central region of the hydrophobic core, packing against
Val19 and Leu33. The remaining aromatic residues,
Phe54, Phe64 and Trp41, are far from this cluster. A
second hydrophobic patch formed by Val8, Leu17 and
Val82 involves the end of strand A (Val8), strand B
(Leu17) and the end of strand G (Val82). Ser12, present in
the turn between strands A and B, is spatially close to the
second hydrophobic cluster and also near to the aromatic
ring of Tyr86. This proximity is reflected by the chemical
shifts of Ser12 Hβ protons. A third small hydrophobic
cluster formed by Val4, Val21, Met28 and Val31 connects
the end of strand B with the beginning of strand C.
Unusual values of chemical shifts (at –0.673 ppm) are
observed for the Hγ protons of Val31, which is in close
contact with the aromatic ring of Trp52. 
One of the most striking features of the surface of the
Phl p 2 structure is the unusually large number of
exposed, evenly distributed charged groups: the exposed
hydrophobic, polar and charged areas account for 57%,
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(a) (b)
Solution structure of Phl p 2. (a) Stereoview overlay of the best 38
calculated structures of Phl p 2. The region shown spans from residue
1 to residue 93. (b) Ribbon representation of the Phl p 2 structure.
The β strands are coloured according to the sheet to which they
belong and are labelled at the top and bottom. The N and C termini
are indicated. 
20% and 23% of the total exposed area, respectively.
These values should be compared with the average values
of 58%, 27% and 15% [26]. Several pairs of opposite
charged residues are close enough to potentially form salt
bridges (e.g. Arg34–Glu79 and Arg67–Glu32), although
these cannot be directly observed by proton NMR.
Among the hydrophilic amino acids exposed on the
surface there are the threonines and the only glutamine
(Gln61). A number of exposed hydrophobic residues
cluster together forming a patch on one of the structure
faces (Val4, Phe68, Met74, Val77, Phe78 and Val81).
Pro59 and Pro63 are internal to the loop that connects
strands E and F, but exposed to the solvent. Pro83 is in
the turn between strands G and H and exposed to the
solvent. Pro2 and Pro93 are close to the N and C termini,
respectively, probably allowing a certain degree of flexi-
bility in these regions. 
Structural similarity with other structures 
After completing the assignment, the structure of Phl p 2
solved by crystallography became available in the
Brookhaven Protein Bank (PDB entry code 1who; AA
Fedorov and SC Almo, unpublished results). We used
this structure to validate our assignment and showed that
it was in excellent agreement with that expected on the
basis of the three-dimensional fold (e.g. long-range con-
tacts, ring current shift effects, secondary structure
topology). Figure 5a shows a superposition of the
average structure from the NMR bundle with the X-ray
structure. The rmsd on β-sheet regions and the back-
bone atoms is 1.1 Å. This deviation should be consid-
ered within the experimental error of the NMR structure
determination (also considering that the NMR structure
was solved without the support of heteronuclear experi-
ments that is of great help in resolving ambiguities). The
main differences between the two structures lie in the
long loop connecting strands E and F, in the type II
β turn connecting strands C and C′ and in the type II
β turn connecting strands A and B. These regions are
poorly defined in the NMR structure, however, and the
deviation is within the rmsd of the NMR bundle in
these regions. 
Structure similarity with other proteins of the PDB was
assessed by scanning the database with the DALI
package [27]. All the highest score hits selected proteins
with an immunoglobulin fold (Figures 5b and c) [28]. The
highest DALI hit is with the second module of the frag-
ment of fibronectin encompassing modules 7–10 (1fnf; Z
value 5.0 and rmsd of 2.8 Å over 74 residues). Similar
scores were also obtained with a number of proteins that
belong to the immune system, such as CD8, the T-cell
receptors (1cd8, 1tcr and 1tvd) and an IgG Fab (8fab). A
comparison of the hydrogen-bond pattern suggests that
Phl p 2 belongs to the h-type of the immunoglobulin
family, that is a hybrid between the c- and v-types (which
correspond to the classical constant and variable domain
folds, respectively) [28]. However, a detailed analysis of
the hydrophobic core clearly shows that Phl p 2 is not evo-
lutionarily related to the immunoglobulin family. The
hydrophobic core packing of Phl p 2 does not share any of
the features specific of the immunoglobulin superfamily:
the core tryptophan that is one of the hallmarks of the
immunoglobulin superfamily is replaced by Leu33 [28].
Similarly, the positions occupied in extracellular
immunoglobulins by a disulphide bridged cysteine pair
are occupied by Val19 and Phe66 in Phl p 2. If we con-
sider overall features, such as the addition of the extra
C-terminal strand and some of the core packing, the Phl p
2 structure is more closely related to that of the C2
domain motif observed in synaptotagmin [29,30], even
though this is not the highest hit from DALI (Z value 3.9,
rmsd 3.7 Å over 77 residues; Figures 5b and c). The C2
domain family is characterized by a calcium-binding motif
and is widely spread in proteins involved in signal trans-
duction and membrane traffic. As in the EF-hand family,
there are several examples of C2 domains that have
diverged sufficiently to loose calcium-binding capability.
As no similarity is found between the calcium-binding
loops in synaptotagmin and the corresponding regions of
Phl p 2, we can exclude a functional relevance of the
observed similarity. Phl p 2 must have evolved in plants
independently, with a structure intermediate between the
immunoglobulin and the C2 domain families, and must
be considered to belong to a distinct structural family. 
No similarity was found with the structure of other aller-
gens excluding any generalization of the molecular basis
of type I allergies. 
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Table 1
Quality of the final structures.
Rmsd from ideality
Bonds (Å) 0.00158 ± 0.000152
Angles (°) 0.297 ± 0.018
Impropers (°) 0.311 ± 0.00661
vdW energy (kcal/mol) 8.02 ± 2.47
Quality control
PROSA average energy –0.9 ± 0.1
WHATIF average energy –2.6 ± 0.3
Fit to experimental data
Unambiguous NOEs 0.0146 ± 0.00235
Ambiguous NOEs 0.0181 ± 0.00514
All NOEs 0.0152 ± 0.00237
Hydrogen bonds 2.201 ± 0.167
Rmsd
Backbone* 0.499 ± 0.091
Heavy atoms* 0.862 ± 0.123
Backbone† 1.000 ± 0.150
Heavy atoms† 1.408 ± 0.150
*Calculated on residues 5–9, 16–21, 29–35, 42–47, 51–56, 65–70,
74–80 and 90–93. †Calculated on all residues. Rmsd, root mean
square deviation.
Mapping the IgE epitopes of Phl p 2 
To determine IgE-reactive epitopes, recombinant Phl p 2
fragments (encompassing residues 1–34, 1–64, 28–64,
28–96 and 58–96) were expressed in λgt11 phage. Approx-
imately 20,000 phage expressing each of the Phl p 2 frag-
ments were screened with serum IgE from Phl p 2-allergic
individuals. Phage expressing the whole Phl p 2 (residues
1–96) bound strongly to IgE antibodies, whereas wild type
λgt11 phage did not react. Clones containing the N termi-
nus (residues 1–34 and 1–64) and a long C-terminal frag-
ment (residues 28–96) bound to IgE antibodies. No
IgE-reactive clone was found among phage expressing the
shorter fragments (residues 28–64 and 58–96). The frag-
ment 1–34 showed distinct but very weak reaction. When
synthetic dodecapeptides spanning the complete Phl p 2
sequence with four amino acids overlap were exposed to
ten sera from Phl p 2-allergic patients, no IgE-reactive
peptide could be identified (data not shown). These
results strongly suggest that the IgE epitopes are predomi-
nantly conformational and binding is only observed when
there is at least some retention of the tertiary structure. 
Comparison with homologous plant allergens 
A BLAST search [31] of the protein databases shows that
Phl p 2 is homologous to proteins from various graminae.
Almost all the hits belong to proteins that have been iden-
tified as plant allergens and classified in either group 1 or
group 2/3. On average, the sequence identity is around
60%. The region of homology covers the whole sequence
of group 2/3 allergens and the C-terminal sequence of
948 Structure 1999, Vol 7 No 8
Figure 5
Comparison of the solution structure of 
Phl p 2 with other structures. (a) Stereoview
superposition on the backbone atoms of the
average NMR structure (cyan) and the X-ray
structure (red) in the same orientation as in
Figure 4. The hydrophobic clusters are
displayed. (b) Comparison of the four
structures, identified using the program DALI,
which belong to the immunoglobulin
superfamily. From left to right: 1who (cyan
and blue), 1cd8 (blue and yellow), 1fnf (pink
and purple), and 1rsy (green and red).
(c) Comparison of the two-dimensional
topology diagrams of the C2 domain and the
immunoglobulin h-set folds with that of 
Phl p 2. From left to right: the immunoglobulin
h-set, Phl p 2 and synaptotagmin. 
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group 1 allergens. In group 1, the region homologous to
Phl p 2 accounts for only 40% of the whole sequence and
it is preceded by an N terminus of about 88 amino acids,
conserved within the family. The high degree of homol-
ogy indicates that both group 1 and group 2/3 proteins
share the same tertiary fold so that the core residues of the
different proteins should be expected to superpose with
an rmsd of 1–2 Å [32]. 
Although similar, proteins that belong to the two immuno-
logical groups form two distinct subfamilies characterized
by different consensus sequences (Figure 6a). Surface
residues that are conserved within each subfamily might
be related to their respective immunological properties.
Some general observations can be deduced from the align-
ment. Firstly, there is a clear distinction between the two
groups with a much larger degree of conservation of both
exposed and buried residues and therefore higher similari-
ties of the exposed surface within each group. Secondly,
the whole family has an unusually large number of con-
served tryptophan residues (two tryptophans are con-
served in both groups and two additional tryptophans are
conserved only in group 1). Of the four possible trypto-
phans, three are either buried or semi-exposed and should
therefore contribute to the stability of the hydrophobic
core. The fourth tryptophan, however, is specific for group
1 and is expected to be highly exposed in the DE loop
(Figure 6b). The position is substituted by a conserved
glycine in group 2/3 (except for Phl p 2 where this residue
is a glutamate) so that residues of the loop protrude much
less. Finally, the surface of group 1 should be similarly
charged but slightly more hydrophobic with a number of
conserved exposed residues that cluster on  strands B and
C and the DE loop. As expected, a lower degree of conser-
vation is generally observed in loop regions: loop CC′ has a
conserved negatively charged patch in group 2/3, but is
more positive with a pattern of alternatively charged
residues in group 1. Loops AB and BC seem to be particu-
larly well conserved within group 1. 
Structural implications for the immunological properties 
of Phl p 2 
We have discussed here the structure of recombinant
Phl p 2, a representative of a major family of cross-reactive
plant allergens. No similarity is found with the three-
dimensional structures of other allergens, supporting the
hypothesis that no unique structural motif is responsible
for eliciting allergic responses [19]. The Phl p 2 fold shows
instead an unexpected similarity to that of the basic struc-
tural component of antibodies and other proteins involved
in the immunoresponse. The immunoglobulin fold is one
of the most common scaffolds identified both in intracel-
lular and extracellular proteins that encompass a range of
different functions [28]. As the similarity between Phl p 2
and immunoglobulin is restricted to the general topology,
groups 1 and 2/3 plant allergens have adopted this fold by
convergent evolution. Topological similarity with the C2
domain calcium-binding motif could also suggest that
Phl p 2 might be related to the members of this protein
superfamily that have lost calcium-binding capability.
Nevertheless, whichever function the protein might have
in plants, it is interesting to observe an immunoglobulin-
like fold in a group of major allergens that elicit the
immune response and interact with IgG and IgE mol-
ecules. The observation that an environmental allergen
closely resembles the fold of components of the human
immune system suggests the possibility that IgE anti-
Phl p 2 antibodies might cross-react with human proteins.
Although not yet proven for Phl p 2, there is emerging evi-
dence for IgE autoimmunity through several other obser-
vations: IgE antibodies recognizing birch profilin were
found to cross-react with human profilin, albeit weakly,
and human profilin induced histamine release from
basophils of patients allergic to birch profilin [33]. The
observation that IgE antibodies can cross-react with
exogenous and endogenous proteins has been further con-
firmed by the finding that manganese superoxide dismu-
tase from fungi and man share IgE epitopes [34]. IgE
autoimmunity seems to have a pathogenic role in severe
forms of atopy (e.g. atopic dermatitis). cDNA clones
coding for IgE autoantigens can be isolated using serum
IgEs from atopic patients by immunoscreening in the
same way as for environmental allergens [35,36]. 
In light of the structure, we may speculate about a possi-
ble surface of interaction with the IgEs that triggers the
immune response against the allergen. It has been shown
that IgE epitopes are mainly conformational ones both in
groups 1 and 2/3 (evidence shown here and in [37,38]). In
this case, it is reasonable to think that short fragments are
unable to achieve efficient IgE recognition: it has been
demonstrated that the immunoglobulin fold can be highly
destabilized by the cleavage of just two to three N- or
C-terminal amino acids [39,40]. Deletion of regions corre-
sponding to one or more strands will therefore destroy the
protein fold. In agreement with these observations, we
find that the transition between folded and unfolded
states observed in thermal unfolding experiments is
highly cooperative with no partially unfolded intermedi-
ates. This also strongly suggests that the design of any
vaccine based on competition binding should utilize
mutated proteins retaining the whole fold, rather than
short peptides. 
It is remarkable to find that, despite the high sequence
homology and the consequent structural similarity, groups
1 and 2/3 seem to have different IgE-binding properties
with no relevant cross-reactivity: when recombinant
Phl p 1 and Phl p 2 were used in IgE-adsorption experi-
ments, no significant cross-reactivity could be found sug-
gesting distinct IgE epitopes [6]. Although the evidence is
not entirely uncontroversial and it is not sure whether or
Research Article  Structure of a major plant allergen De Marino et al. 949
not the two families share all the same epitopes, multiple
alignments together with homology modelling strongly
suggest the presence of at least some distinct surfaces of
interaction specific for each of the two groups. Cross-reac-
tivity is certainly found among different species within the
same group and it could be demonstrated that the IgE epi-
topes are localized in homologous stretches [15]. In group 1
allergens, which have an N-terminal extension (88 amino
acids long) as compared to group 2/3 allergens, IgE epi-
topes were localized in the C terminus, that is in the region
homologous to Phl p 2 [37]: deletion mutants of recombi-
nant Lol p 1 allergen, in which the C terminus was partially
or totally deleted, lost all allergenic properties, whereas
deletion of the N-terminal 88 amino acids resulted in a
protein that retained most of the allergenic activity. This
strongly suggests that the same structural scaffold contains
on its surface the residues that provide the highly specific
interactions with  IgE. From sequence alignments, we can
speculate the position of epitopes specific for each group.
The exposed tryptophan conserved in the C′D loop of
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Figure 6
 mpa1_phaaq --pdgtkptfhvekgsnpnylallvkyvdgdgdvvavdikekgkdk-----wielkeswgaiwridtpdkltgpftvrytt-eggtkaefedvipeg---wkadthdask
 mph1_holla ------kptfhvekgsnpnylallvkyidgdgdvvavdikekgkdk-----wielkeswgavwrvdtpdkltgpftvrytt-eggtkgeaedvipeg---wkadtayeak
 mpl1_lolpr ------kptfhvekasnpnylailvkyvdgdgdvvavdikekgkdk-----wielkeswgavwridtpdkltgpftvrytt-eggtksefedvipeg---wkadtsysak
 mpo1_orysa ------kitfhiekasnpnylallvkyvagdgdvveveikekgsee-----wkalkeswgaiwridtpkplkgpfsvrvtt-egarrssaedaipdpgrrqrvqvnvqak
 mpp1_phlpr ------kvtfhvekgsnpnylallvkyvngdgdvvavdikekgkdk-----wielkeswgaiwridtpdkltgpftvrytt-eggtkteaedvipeg---wkadtsyesk
 mpz1_maize ------kivfhiekgcnpnyvavlvkfvaddgdivlmeiqdklsae-----wkpmklswgaiwrmdtakalkgpfsirlts-esgkkviakdiipan---wrpdavytsnvqfy
     q39975 kypdgtkptfhvekgsnpnylallvkyidgdgdvvavdikekgkdk-----wielkeswgavwrvdtpdkltgpftvrytt-eggtkgeaedvipeg---wkadtayeak
     q40967 kypegtkvtfhvekgsnpnylallvkfs-gdgdvvavdikekgkdk-----wialkeswgaiwridtpevlkgpftvrytt-eggtkarakdvipeg---wkadtayesk
     o04484 cnyigktvtfqvdkgsnansfavlvayvngdgeigrielkqaldsdk----wlsmsqswgavwkldvssplraplslrvtslesgktvvasnvipan---wqpgaiyksnvnf
     o04701 kypsgtkitfhiekgsndhylallvkyaagdgnivavdikprdsde-----fipmksswgaiwridpkkplkgpfsirlts-eggahlvqddvipan---wkpdtvytsklqfga
 lppiso1a_1 kypddtkptfhvekgsnpnylailvkyvdgdgdvvavdikekgkdk-----wielkeswgavwridtpdkltgpftvrytt-eggtksevedvipeg---wkadtsysak
 lppiso5a_1 kypddtkptfhvekasnpnylailvkyvdgdgdvvavdikekgkdk-----wtelkeswgavwridtpdkltgpftvrytt-eggtksefedvipeg---wkadtsysak
    1911582 kypsgtkitfhiekgsndhylallvkyaagdgnivavdikprdsde-----fipmksswgaiwridpkkplkgpfsirlts-eggahlvqddvipan---wkpdtvytsklqfga
     q39802 ---pgrsiafhvdsgsnqeyfatlveyedgdgdlakvelkealdsgs----wdsmqqswgavwkfdkgsplrapfsiklttlesgqtivannvipag---wtpgqtyrsivnfat
     o24230 cyhrglyvnfhveagsnpvylavlvefankdgtvvqldvmeslpsgkptrvwtpmrrswgsiwrldanhrlqgpxslrmvs-esgqtviahqvipan---wrantnygskvqfr
 consensus1 +Yp.gt+&tFH&EKgSNpnY&A&LV+&&.GDG-&V%&-&Kq+g.-.+PTRVW%.&+qSWGA&WR&Dtp-.L.GPFt&R&TtLEgGt+..&q-VIPqgGRRW+&-t.Y.t+&qF.%
   secstruc --------eeee-------eeeeee----------eeeee------------ee-eee---eeeeee-------eeeeeee-----eeeeeee-----------eeee
        Asa ------abbbbbaabbaaaabbbbbab--aababbabbbbbaabaa-----aabbaabaabbbbbabaaababbbbbabab-aaaaababaabbbaa---baaababbaaa
 mpp2_phlpr ----vpkvtftvekgsnekhlavlvky--egdtmaevelrehgsde-----wvamtkgeggvwtfdseeplqgpfnfrflt-ekgmknvfddvvpek---ytigatyapee
 mpl2_lolpr ----aapveftvekgsdeknlalsikynkegdsmaevelkehgsne-----wlalkkngdgvweiksdkplkgpfnfrfvs-ekgmrnvfddvvpad---fkvgttykpe
     a48595 --------eftvekgsdeknlalsikvnkegdamaevelkehgsne-----wlalkkngdgvweiksdkplkgpfnfrfvs-ekgmwnvfddvvpad---fkvgt
 mpl3_lolpr -----tkvdltvekgsdaktlvlnikytrpgdtlaevelrqhgsee-----wepmtkkgn-lwevksakpltgpmnfrfls-kggmknvfdevipta---ftvgktytpeyn
     q41576 ----avkvkltvqkgsdkkklalkidytrpndslsevelrqygsee-----wqpltkkgd-vwevscskplvgpfnfrfls-kngmkkvfdevfstd---fkigktyepey
     p93124 -----vkvtfkvekgsdpkklvldikytrpgdtlaevelrqhgsee-----wepltkkgn-lwevksskpltgpfnfrfms-kggmrnvfdevipta---fkigttytpee
 consensus2 ------+V.&tVqKGS-.K.L&&.&+&t+.gDt&&EVEL+q&GS-E.....W.&&tK.g.G&Wq&+t.+PL.GP&NFRF&t...GM+nVFD-V&p.....&+&G.TY.PE.N
(a)
(b) (c)
Structure
Comparison between group 1 and group 2/3 allergens. (a) Multiple
alignment of sequences homologous to Phl p 2 as identified by a
BLAST search [31]. The names of the sequences match those of the
corresponding entries in the databases. The sequences are clustered
according to pollen allergen group: group 1 (top block); group 2/3
(bottom block). The sequences were coloured according to the
chemical characteristics of the conserved amino acids; a column is
coloured only if residues belonging to the same class are conserved in
more than 30% of the sequences. The two groups were coloured
separately to highlight the conservation within each class. The
consensus sequences of the two blocks are displayed below. The
degree of exposure of each position in the tertiary structure of group
2/3 allergens is reported in the ‘Asa’ row and indicated by an ‘a’ or ‘b’
for accessible and buried amino acids, respectively. The secondary
structure (secstruc) is also reported indicating the position of the
β strands as observed in the Phl p 2 structure. Space-filling
representations of (b) the Phl p 2 structure and (c) a model of Phl p 1
built by homology to Phl p 2 using the NMR coordinates. The
structures are coloured in cyan except for the sidechains of
hydrophobic residues (green) and positively and negatively charged
residues (purple and red, respectively). The sidechain of Trp48, which
is exposed and conserved in group 1 allergens, is shown in yellow. 
group 1 allergens would provide a complementary surface
for IgE recognition. This region was observed to carry an
epitope in Lol p 1 [37,38]. The CC′ loop, which is differ-
ently charged in the two groups, could also provide a spe-
cific surface of interaction. We therefore suggest that the
design of recombinant mutants having the protein core of
Phl p 2, but with the IgE surface of interaction of group 1
allergens, could be used as a basis for a vaccine. 
Biological implications 
Allergies are probably the most common alteration of the
immune system and affect a vast proportion of the popu-
lation in industrialized countries. Among these, type I
allergy is based on the formation of complexes between
IgE antibodies and external pathogens (allergens), the
consequent release of biological mediators (e.g. hista-
mines and leukotrienes) and the immediate appearance
of allergic symptoms [1]. The identification and molecu-
lar characterization of a number of allergenic agents has
been recently achieved [12], allowing studies of the mol-
ecular basis of allergen–antibody recognition and, conse-
quently, an understanding of the complex mechanisms of
the immune response. 
We describe here the structure of Phl p 2, a major aller-
gen from grass pollen. Phl p 2 is representative of group
2/3 grass pollen allergens for which almost 7% of the
world population are sensitized. The structure of Phl p 2
consists of an immunoglobulin-like fold with a nine
strand β sandwich. Although evidence suggests that the
presence of an immunoglobulin-like fold in grass aller-
gens must be due to convergent evolution, it is interesting
to find in Phl p 2 a fold common to several components
of the immune system (e.g. the antibodies and several
members of the complement system). Knowledge of the
structure allows identification of a number of possible
epitopes that could be specific for group 2/3 allergens and
would make it possible to discriminate members of this
family from the closely related group 1 grass pollen aller-
gens. The availability of the three-dimensional structure
may lead to new approaches towards the development of
novel diagnostic/therapeutic reagents. 
Materials and methods 
Sample preparation 
Recombinant Phl p 2 was prepared according to the protocol
described in [22]. The fragments used for epitope mapping were gen-
erated by the polymerase chain reaction (PCR) using the cDNA clone
of the full-length protein as a template. Amplified cDNAs were cut with
Eco RI, purified by gel electrophoresis, ligated into Eco RI-cut, dephos-
phorylated λtg11 arms and packaged in vitro. The resulting recombi-
nant phage were used to infect Escherichia coli Y1090 and
IgE-reactive phage clones were isolated by immunoscreening with
pooled sera from three Phl p 2-allergic patients containing high levels
of Phl p 2-specific IgE antibodies. IgE-reactive phage clones were puri-
fied by two rounds of rescreening and the inserted cDNAs were recov-
ered for sequence analysis by PCR amplification. The PCR fragments
were cut with Bam HI, gel-purified and subcloned into plasmid pUC18.
The sequences of the inserted cDNAs were verified by sequencing
both DNA strands using a T7 sequencing kit (Pharmacia, Uppsala,
Sweden) and 35S-dCTP (NEN, Stevenage, UK). 
Circular dichroism and NMR measurements 
CD measurements were performed on a Jasco J-710 spectropolarime-
ter equipped with a thermostatically controlled cell holder stabilized by
circulating water from a Neslab RTE-110 water bath. Rectangular
quartz cuvettes with 0.1 cm pathlength were used (Hellma). The instru-
ment was calibrated with D-10-camphorsulfonic acid solution. The
spectra were baseline corrected and the observed ellipticity was con-
verted to mean residue weight ellipticity [θ]/(degree.cm2.dmol–1). The
temperature-dependent unfolding and refolding were followed by moni-
toring the ellipticity at 208 nm from 20 to 90°C at a heating rate of
20°C per hour. 
The NMR measurements were carried out using 1–2 mM samples in
90% H2O/10% D2O in the temperature range 17–27°C. The spectra
were acquired on a AMX-600 spectrometer by suppressing the water
signal by selective excitation (WATERGATE pulse sequence [41]). A
baseline correction was performed in both dimensions using a polyno-
mial. Spectra were referred to the HDO peak arbitrarily set to 4.7 ppm. 
Structure calculations 
Distances for structure calculations were obtained from an 80 ms
mixing time NOESY spectrum recorded at 27°C. NOE peaks were inte-
grated and calibrated by the AURELIA software. An initial list of 267
NOE-derived restraints was manually assigned (245 unambiguous and
22 ambiguous NOEs of which 113 were intraresidual, 81 sequential,
6 medium-range and 67 long-range NOEs) and used to calculate a set
of initial structures at the first iteration. In the following runs, the remain-
ing NOEs were automatically calibrated and assigned by the ARIA sub-
routines [24]. The 20 best structures resulting from each run were
selected and used to extract additional NOE restraints from the auto-
matically picked-peak list. These raw data were converted into distance
restraints based on the assigned chemical shifts [24], with a tolerance
of 0.02/ppm used in F1, and 0.015 ppm in F2, respectively. The auto-
matically picked-peak list was inspected with respect to the seven
lowest energy structures from the previous iteration. A restraint was not
used in the next iteration if it was violated by more than a target value in
maximally 50% of the seven structures. The target value was gradually
tightened using a violation tolerance ranging from 0.25 Å to 0.00 Å. The
assignment parameter p [24] was varied from 0.999 up to 0.8. A total
of ten iterations were performed. During the last iteration, 50 structures
were produced. The final data list was again checked for errors, and a
set of 38 structures was calculated and selected for analysis. At the last
iteration, a total of 1171 NOEs had been assigned (1002 unambiguous
and 169 ambiguous, of which 511 were intraresidual, 230 sequential,
65 medium-range and 365 long-range NOEs). 
In each of the ARIA iterations, structures were calculated with a simu-
lated annealing protocol [24,42] with an extended version of X-PLOR
[25], with 10,000 Verlet steps in the high-temperature stage at 2000K,
5000 steps in the first cooling stage from 2000K to 1000K, and 1000
steps in the second cooling stage from 1000K to 50K. The time-step
was 0.005 ps. Floating chirality assignment for prochiral groups was
applied as described [43]. The final set of structures was calculated
with a simulated annealing protocol in the high-temperature and first
cooling stage, using 1000 steps at 9000K in the high-temperature
stage and 500 steps in the first cooling stage from 9000K to 1000K.
The time step for dynamics was 0.04 fs. 
Secondary structure elements were identified using the program
MOLMOL. The structure was scanned through the Protein Data Bank
using the DALI server [27]. The solvent-accessible surface was calcu-
lated using the Conolly algorithm, using a probe radius of 1.4 Å.
Sequence database searches were conducted using BLAST [31]. A
multiple alignment of the homologous allergen sequences was
obtained using CLUSTALX [44]. Homology modelling was achieved
using WHATIF [45]. 
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Accession numbers
The final structures of Phl p 2 have been deposited in the Brookhaven
Protein Data Bank with entry code 1bmv. 
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